Voltage modulation of yttrium iron garnet (YIG) with compactness, high speed response, energy efficiency and both practical/theoretical siginificances can be widely 
Introduction
Yttrium iron garnet (Y3Fe5O12, YIG), a commonly used magnetic material, has high Curie temperature (TC ~ 650 K), very low intrinsic damping (α ~ 10 -5 ), long spin transmitting length (~1 cm), broad band gap (Eg ~ 2.85 eV), and very low ferromagnetic resonance (FMR) linewidth (~1 Oe). [1] [2] [3] It is an ideal ferromagnetic insolator, which plays a key role in spintronics devices and exhibits a plentiful of spintronic behaviors such as spin pumping [4] , spin Hall [5] , spin Seebeck [4, 6] , and magnetic proximity effects (MPE) [7, 8] etc. Recently, the research interests in spin-orbital torque (SOT) were focused on interface between heavy metal and magnetic metals/insulators, in particular, current-driven SOT in YIG/heavy metal heterostructures. [9] [10] [11] [12] [13] [14] [15] [16] In 2013, Sun et al.
discovered that Pt thin film (>3 nm) capping onto YIG layer led to a damping change and an accompanied strong FMR shift due to magnetic proximity effect (MPE), where the ferromagnetic (FM) ordering in the Pt layer near the YIG/Pt interface was created by dynamic exchange coupling. [16] Nevertheless, the most recent progresses in this field focused on studying spin behaviors in non-magnetic layer in heavy metal (HM)/YIG bilayer heterostructures, where YIG serves as spin generator; while few researches discussed how the interfacial effect influences YIG thin film property as well as the total magnetism in the whole bilayer system.
Moreover, if the interfacial effect between Pt and YIG, for example, can be modified by a localized electric field (E-field) because of possible voltage induced
Fermi level shift, we can therefore overcome the state of the art challenges of voltage modulation of spin phenomena in a fast, compact and energy efficient way, instead of current, in YIG related heterostructures. This voltage modulation approach also provides an extra E-manipulation degree of freedom for spintronics community, for instance, voltage controllable spin Hall, spin pumping, SOT effects. Here we propose an ionic liquid (IL) gating approach for ferromagnetism modulation, where IL serves as an effective gating media that provides significant interfacial charge accumulation under E-field. [17] [18] [19] [20] [21] IL gating manipulates the interfacial magnetism of ultrathin metallic films by changing the electron density at the Fermi level, [18] thereby modulates magnetism of oxide thin films through changing oxygen vacancies, [19, 20] and even triggers the tri-phase transformation in some oxides by controlled ionic doping. [21] It has many benefits over conventional multiferroics such as room temperature operation, low gating voltage (Vg) (<5 V), high ME tunability [22] and compatibility among various substrates.
In this work, a series of YIG thin films with different thicknesses (7 to 35 nm)
were epitaxially deposited onto GGG single crystal substrates. Heavy-metal Pt thin films were then coated onto them to serve as one of the electrode of the gating process and the coupling media between the YIG layer and IL. [ 23] shifters, [24] isolators, [25] circulators, spin wave components [9, 10, 26] and ultra-lower-power dissipation devices, [27] as well as in optical devices. [28] Electric field (E-field) manipulation of YIG thereby is of great significance to obtain voltage-tunable YIG devices with compactness, high-speed response, energy efficiency and extra degrees of manipulation freedom, [23, 29, 30] The large FMR tunability in YIG based heterostructures also appears a great application potential in tunable RF/microwave devices like bandpass filters and tunable spintronics/magnonics devices such as spin wave transisters.
Results
Magnetic proximity effect in YIG/Pt. The YIG layers were deposited on (111) GGG substrates using pulsed laser deposition (PLD) method with various thicknesses of 7 nm, 13 nm and 35 nm. The YIG film (35 nm) was chosen for the structure analysis for it yielded a stronger signal. Figure 1 for the out of plane condition. [31] where f is the frequency of the microwave in the cavity, /2
is the literature value of the gyromagnetic ratio [32] , s M is the saturation magnetization.
We can also dedicate from the Kittel formula that the The IL gating process was monitored within the ESR cavity, as shown in Figure 2 (a).
All the FMR measurements were carried out at a microwave frequency of 9.2 GHz.
Under a positive Vg, the anions (TSFI + ) and cations (DEME and the inset is the schematic of the sample structure. We noticed that only positive Efield improves the MPE and FM ordering. In contrast, negative Vg does not affect the magnetic properties (we did not show here). The gating process was also carried out in the low temperature condition (Figure 4(d) ), although the FMR linewidth get broaden at -110 ℃, and the Hr shift caused by the gating process increase to 690 Oe, which is 1 order of magnitude higher than the current YIG tunabilities. perturbations, which also appears in other multiferroic systems such as spin waves in LSMO/PMNPT [33] , perpendicular magnetic anisotropy (PMA) structures [34] , etc.
Besides, the reversibility of FMR switching was also studied in the GGG/YIG (35 nm)/Pt (3 nm) sample along both the out-of-plane directions and in-plane direction, as illustrated in Figure 3d and Figure S4 . The Hr was switched back and forth (from 2198
Oe to 2204 Oe in-plane; from 5735 Oe to 5760 Oe out-of-plane) with an alternative Ebias polarity across the IL layer at room temperature. 
Discussions
Many works have proved the existence of the MPE, [7, 8, 11, 35] where several FM ordering atomic layers in normal metals are proximate to an FM material, for example, at the YIG and Pt interface for the YIG/Pt heterostructures. Sun et al. clarified that the FMR curve shift is caused by MPE, [16] and Xiao et al. studied the dependence of the interface structure and the MPE strength by using the first principles calculations based on the density functional theory. [36] They claimed that the FMR shift is originated from the direct exchange interaction between the Fe 3d and Pt 5d electrons via electronic state hybridization and the electron exchange coupling among the Pt atoms. In our experiments, the positive Vg induced cation enrichment at the Pt/IL interface, attracted electrons to the interface and thereby induced an enhanced-MPE-like effect in the YIG/Pt heterostructures. In comparison, Figure S5 shows ionic gating effect in YIG/Cu heterostructure, where the ME tunability can be neglected. We then carry on theoretical calculation to further understand the mechanism under the gating process. has a slight spin density which vibrate around zero and end up to a non-magnetic result after summarizing over the total Fermi sea; while Pt 5+ has a much strong energy dependent effect, which could be three magnitudes larger than that of Pt 0 at the some energy level. In the end, the summary over Fermi sea gives a non-trivial magnetization.
With Hund rules, it is obviously to have magnetization on every Pt 5+ atom that can be determined in experiments with strong exchange interacton between Pt 5+ and magnetic materials. In order to ultilize this interface charge accumulation mechanism, a magnetic insulator (YIG) is a perfect solution in this experiment. 
Method Section
Sample preparation:The YIG films for IL gating were deposited on (111) Gd3Ga5O12 by pulsed laser deposition method. During the deposition, the temperature of substrate was kept at 800 ℃ while the oxygen pressure was 13 Pa, and the laser pulse rate was 1
Hz. After depositing, the films were annealed in-situ under 5.4×10 4 Pa oxygen pressure with the cooling rate of 2 ℃/s. After cooling down to room temperature, the YIG films were transferred to the magnetron sputtering chamber. Pt layer was deposited onto these YIG films subsequently.
Magnetic properties measurements:
Magnetic hysteresis loops of the samples were measured using a LakeShore 7404 vibrating sample magnetometer (VSM). As the magnetization of the YIG films is small (~20 μemu), only in-plane magnetic hysteresis loops of these samples were displayed. Ferromagnetic resonance (FMR) curves of the samples were measured by an X-band electron spin resonance (ESR) system (JOEL, JES-FA200). The magnetic anisotropy change and spin wave patterns were precisely determined.
Ionic liquid gating preparetion:
We chose the ionic liquid (IL) [DEME]+[TFSI]-as the gating material for its potential tunability and well-studied physicochemical properties.
A grid structure, Au/IL/Pt, was formed by using Au and Pt as the gating electrode.
Gating voltages from 0 V to 4.5 V were applied to the grid structure using a Keysight B2901A Precision Source/Measure Unit. In the IL phase, the anions and cations migrated toward the Au electrode and the Pt electrode, respectively, driven by the Efield. The charge carrier ions generated an enormous surface charge density up to 10 15 cm -2 , producing a strong interfacial E-field. The E-field influences on the magnetic properties of these samples were studied by in-situ FMR and VSM measuremants.
During the gating process, low-temperature FMR curves were measured in a cryogenic chamber by liquid N2.
Structure and morphology analysis: The crystal structure of the samples as analyzed using a high resolution X-ray diffraction (HRXRD, PANalytical X'Per MRD). The microstructure and morphology of the cross sections of the samples before and after gating process were imaged by high resolution transmission electron microscopy (HRTEM, JEOL JEM-ARM 200F).
